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Ultraviolet B radiation (UVB) induces oxidative dam-
age in DNA, resulting in the formation of the adduct 
S-hydroxydeoxyguanosine. Previous studies from this 
laboratory have demonstrated a decrease in antioxi-
dant enzyme defenses after UVB radiation in Skh: 
HR-1 hairless mice, implicating antioxidant status in 
protection against oxidative damage. The present 
study was undertaken to examine mechanisms of 
UVB damage to DNA and modulation by vitamin C, 
selenite, or Trolox ®, a water-soluble vitamin E ana-
log. BALB/c MK-2 mouse keratinocytes were exposed 
to a dose range ofUVB from 4 to 750 m]lcm2 • DNA 
T he most commonly accepted exogenous cause of skin cancer is exposure to the ultravio let (UV) compo-nent of sunlight, with subsequent DNA damage and associated mutagenicity (Parish et ai, 1978, Buzzell, 1993) . Previous studies have shown that UV radia-
tion produces pyrimidine dimers, DNA strand breaks, DNA-
protein crosslinks, and base modifications media ted by oxygen free 
radicals (Hart eI ai, 1977; Ananthwaswamy and Piercall , 1990; 
M atsumoto et ai, 1991). T he formation of particular DNA base 
adducts ha s been established as evidence of oxygen free radical 
presence. 
Previous studies fro l11 this laboratory have demonstrated a de-
crease in the epidermal antioxidant enzym e defenses following 
UVB irradi ation in Skh :HR- l hairless mice, impli catin g antioxidant 
status in protection against oxidative damage (Pence and Naylor, 
1990). Furthermore, in another study using mice , it was shown that 
m o re cells were damaged and thus could be transformed into 
tumors in selenium-deficient animals (Pence et ai, 1994). This raised 
the issue of whether selenium decreased the level of UVB-induced 
DNA damage, altered the rate of repair of these lesions, or possibly 
induced apoptosis of damaged cells. Tlus study was designed to test 
the hypothesis that UVB-induced DNA damage would be attenu-
ated by ·antioxidant nutri.ents. 
Vitamin E, vitamin C, and selenium have been identified as 
nutrients that, through various mechanisms, m ay reduce the occur-
rence of can cer (Black, 1974; Ames, 1983; Ip and Hayes, 1989; 
Linder, 1994). Trolox"'" is the comm e rcial name for a water-soluble 
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damage in the form of SOHdG was measured using 
high-pressure liquid chromatography coupled with 
electrochemical and UV absorbance detection. Pre-
incubation of the cells for 2 days with 0.4 or O.S /Lg/ml 
ascorbic acid, 10 or 20 /Lg/ml Trolox®, and 5 or 12.5 
/LM selenite resulted in a significant decrease in th~ 
nutnber of S-hydroxydeoxyguanosine adducts per 10~ 
deoxyguanines induced by 500 m]lcm2 UVB. The 
results indicate a potential role for antioxidant 
nutrients in protection against UVB damage to skin 
cells. Key lVords: 80HdGla1ltioxidatttsIUVBlkeratillOC}'tes. 
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vitamin E analog, 6-hydroxy-2,5,7 ,8- tetramethylchroman-2-car-
bo>.:ylic acid (Cerutti, 1985), which corresponds to an a -tocopherol 
molecule with the isoprenoid side chain replaced by a carbo:-..")'I 
group . The intracellular localiza tion of Trolox"-" is different from 
vitamin E; Trolox'" will localize in aq ueous compartments. Like 
a - tocopherol, however, Trolox'" has a hydroxyl moiety on its head 
group that confers its an tioxidant prope rties . 
Selenium, through its ro le in the enzym e g lu tathio ne perox-
idase, plays a role as a p eroxid e scavenger. T h eo reticall y, ultra-
violet radiation-induced sk in damage ca n occur thro ugh the 
m olecular agency of free radica ls because (i) UV radiation causes 
th e production of free radicals in the skin ; (ii) fi'ee radica l produc-
tion can exceed the antioxidant defense system; (iii) free radical 
production th at is no t controlled by antioxid ant defenses can lead to 
damage of proteins, lipids, and DN A; and (iv) such damage leads to 
various pathological conditions. A potentially useful role fo r nutri-
ents that support the antioxidant defense system is therefore 
possible . 
Because the formation of reacti ve ox")'gen species elicits peroxi-
dation reactions in cell membrane lipids (Cerutti , 1985), and 
because these reactions are associated with increased risk of malig-
nancies (Cerutti, 1985), the m easurem ent of the formation of 
conjugated double bonds and thiobarbituri c acid-reactive material 
subsequent to UVB exposure provides ancillary evidence of oxida-
tive stress. The induction of lipid peroxidation following U VB 
treatment of human keratinoc)'tes has been demonstrated previ-
ously by Punnonen and colleagues (Punnonen et ai, 1990). 
T he purpose of Ollr study was to demonstrate that oxidative 
damage occurs as a consequence of UVB irradiation of keratino-
cytes grown in culture, and that the potentiaUy mu tagenic effect of 
DNA adduct formation can be attenuated by supplem entation of 
the culture m edium with sodium seleni te, ascorbic acid, or 
Trolox""'. 
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Figure 1. Thiobarbituric acid-reactive substances in mouse kera-
tinocytes 24 h following UVB exposure at the indicated doses. Sham 
tre·aml cnt included exposure to phosphate-buffered sa line and simulated 500 
mJ / cm 2 UV. Control plates were e"posed to ne ithe r UVB nor phospha te-
buffered sa linc. Bars rep resent means plus or min LI S SEM of at least three 
replica tes frol11 two experiments. 
MATER.lALS AND METHODS 
Cells BALBlc MK-2 cells ofa mouse keratinocyte cell line were obtained 
from Bcmard WeissI1lan of the U ni vc rsit), of North Carolina at C hapel Hill 
and grown in low calciul11 Eagle's modified essential l11edium w ith 10'Vo, 
dialyzed feta l bovine serulll (Sigma C hemica l Co .. St. Louis. MO) and 100 
ng/ O11 epidermal growth f.,ctor (Collaborative Biomedical Products, Bed-
fo rd, MA). For each segment of the study, confluent 60- or 150-nll11 plates 
of cells were random ly assigned to either UVB treatmen t or shaI1l treatl11ent 
conditions. Nutrients were added to the cul ture medium fo llowing pla ting. 
so that the cells grew in the nutrient supplemented medium for approxi-
mately 2 days prior to UVB treatmen t. Results of preliminary studies of 
nutrien t level influcnces on ce ll via bility and growth characteristics were 
used for the se lection of nutrient concentration levels. Concentration levels 
used produced optimal effects on "dduct reduction but did not altcr ce ll 
viabiljty or growth characteristics. Trolo,,'· (Aldrich C hemica l Co., M il-
waukee, WI) was added at 10 or 20 ILg/ lll1 mediuI1l and L-ascorbic acid 
sodium sa lt (Sigma) was added at levels of 0.4 or 0.8 ILg/ ml medium. 
Sodium selen ite (Sigma) was added to make the fina l media concentraLions 
5 o r 12.5 ILM. Cel l viab il ity was determined by trypan blue exclusion. 
Pro tei.n determinations were performed according to the method of Brad-
ford (1976) using a reagent from Bio-Rad (Richmo nd, CAl and bovine 
serum albumin as sta ndard. 
Lipid Peroxidation Estim ates of lipid pcro"idation were determined by 
measuring thioba rbituric acid-reactive substances using a p rocedure 1110di-
fied fro m that or Asakawa and Matsushita (1974) and Ohkawa et nl (1979), 
which has been published previously fro m this laboratory (Kuratko and 
Pence , 1991; Kurarko et nl, 1994). 
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Figure 2. Number of 8-hydroxydeoxyguanosine adducts per 10' 
deoxyquanosille bases in DNA of mouse kerarillocytes treated with 
UVB at the doses indicated. For treatments up to and including 500 
mJ / cm 2 • bars reprcsen t mcans plus or minus SEM or at least three replicates 
fro m rwo experiments. T he bar for 750 mJ /cm 2 reflects the average of two 
111caSUfCtncnts at th is trcaOllcnt level. 
UVB and ShalTl UVB Trcatlncnts 5 h :'1111 treatment involved rCI110ving 
the m edium ITom 80% conAuent 150-mm plates of cells and adding 15 III I 
of phosphate-bufFered sa line to the plates. which were then left open in the 
hood for the same length ofeime that it took to app ly UVB treatment to the 
ma tc hed UV group. UVB rad iation was applied at wavelength 290-320 nm 
using a Westinghouse FS-40 Medica l Sunlam p (National Biological Cor-
poratio n. C leveland , OH). T he djstance from the light source was constant 
at 30 Clll . The energy output of the lamps at a 30- cm distance was measured 
prior to each UV applicatio n IIsing a UVB LM 1-1 06 C light meter (Nationa.! 
l3 iologica1 Corporation). T he exposure times ranged from 0.2 to 13 .5 min 
depending o n the UVB dose . Exposure time was adjusted based on an 
energy output meter read ing to yie ld thc doses iJldicated. For the period of 
UVB e"posure, medium was removed and replaced with phosphate-
bulfered sa linc. Immediate ly following treatm ent . cells were removed from 
p lates by scraping into digestion buffer for DNA isolation. 
DNA Isolation DNA was isolated using a method adapted from Bechler 
et 01 (1992) and Ausubel and co lleagues (Ausubc1 et nl, 1992). T he ce ll s were 
incuba ted overnigh t in digestion buKer o f 10 mM Tris-HCI, 25 lllM 
eth ylenediamine tetraace tic acid. 0.5OX, sodi um dodeC),] sulfate. and 100 
ILg/m l prote inase K. pH 8.0 . in a shaking water bath. The fo llowing day the 
suspension oflysed cells was adjusted to 0.3 M sodium acetate (Sigma) . and 
the mi"ture was gentl)' shakcn with 3 volumes of chloroform/ isoamyl 
alcoho l (24: 1 v / v) [or 10 min . After centrifugation for 10 min at 1700g, the 
upper aqueous layer concaining nucleic acids was transferred to a fres h tube 
and the chlorofonn/ isoa l11yl alcohol e"traction was repeated until little or 
no protein appeared at the interf.,ce. Nucleic acids were precipitated w ith 2 
vo lumes of ice-co ld 1 OO'X, ethanol and centrifuged :11 '1700g for 10 min. The 
pellet was then washed with another 2 volumes of 100% ethanol and 
centrifuged for 10 min at 1700g. Nucleic acids were stored in 1 00"1c, ethanol. 
DNA Digestion In preparation for d igeslion , nucleic :lCids were dried 
under ni trogen gas and made up to 250 ILl in Tris-HCI + ethylenediamine 
tetraacetic acid (TEl buffer. 1'1-1 7.4 . To each sample 0.025 ml of 0 .5 M 
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Fig ure 3. Number of 8-hydroxydeoxyguanosine adducts per 105 
deoxyquanosines in DNA of mouse keratinocytes treated with UVB 
expressed as a percentage of untreated controls. Nutrient levels for 
doses 1 and 2 arc: 1. 0 and 20 /Lg/mlmedium for Tro lox~" , 0.4 and 0.8 /Lg/ml 
medium for medium fo r L-ascorbic acid , and 5 /LM and 12.5 /LM fili al 
concentrations of sodium seleni te. UVB treatments were 500 mjl cm2 fo r 
doses 1. and 2. Bars represent means ± SEM of at leas t three replicates from 
two eXpCril11cn ts. 
sodium aceta te, 1'1-1 5.1 , was added, fo llowed by 2.75 /LI of 1 MgCI2 to make 
the solution 10 mM in Mg2+ . T he solution was boiled for 5 min in a 100°C 
wa ter bath and placed on ice for 8 min . Ten J-Lg of Nuclease P1 (Sigma) was 
added from a stock so lu tion of l /Lg/ /LII-I ,O, and the sample was incubated 
at 37"C fo r 1 h. Eight J-LI of1 M T ris base was added to adjust the 1'1-1 to 7.8 
in order to optimize conditions for alkaline phosphatase . O ne unit of 
alkaline phospha tase (Sigma) was added, and the sample was returned to the 
37°C wa ter bath for 1 h. Finally, prior to high-pressure liquid chroma tog-
raphy (I-IPLC) injection, 0.005 ml o f glacial ace ti c acid di luted 1:3 (v/v) in 
water was added to lower the pH , and the solu tion was filtered through a 
0.2-J-Lm Gelman ftl te r using a syringe. 
DNA Quantitation A small vo lume (50 /LI) of DNA in TE buffer was 
dilu ted up to 1. ml in TE, and absorbance was measured at 260- ,md 280- nm 
wavelengths spectrophotometi-ically to quan titate DNA. 
8-Hydroxydeoxyguanosille Adduct Detection Deoxyguanine and 
80I-IdG concentra tions in hydrolysa te were determined by I-IPLC with UV 
and elec trochemical detectors, respectively, Linked in series according to the 
method of Floyd and co llcagucs (Floyd el nl, 1986). 
T he J-1PLC system consisted of a Waters Assoc iates (Mil fo rd , MA) 
solvent delivery system wi th a R l1eodyne (Cotati , C Al Model 7125 injector 
coupled with a R ainin Microsorb-MV 86-200-C5 reverse-phase C ," 
column (4.6 mm X 25 cm; 5-J-Lm particle size; l oo-A pore size), a Waters 
Associates model 44 0 absorbance detector equipped with a 254-nm lamp, 
and a Bioanalyti cal Systems (West Lafayette, IN) amperometric detector 
T a ble I. 
Medium 
Control medium 
2.5 /LM Se 
5 J-LM Se 
12.5 /LM Se 
Control medium 
2.5 J-LM Sc 
5 /LM Se 
12.5 Se 
T H E JOU RN AL OF INVESTIGATI VE DER.M ATOLOGY 
Gluta thione P e roxidase Activity of Mouse 
Keratinocy tes 
UVB/Sham T reatment 
500mj /c m 2 UVB 
500mj /cm 2 UVI3 
500mj /cm 2 U V I3 
500 l11J /cl11 2 UV13 
Sham 
Sham 
Sham 
Sham 
Enzyme Activity" 
(units/mg of protein) 
0.000310 
0.1005" 
0.1151 /0 
0.1247" 
0.0003' 
0.1057' 
0. 1277' 
0. 1535' 
"Uni ts o f sele nium- dependen t g luta thio ne perox idase activity per m ill igram of 
protein fo r m Ollse kcratinocytcs exposed to uvn o r sham trC:ltm cll ts, wilh nu trient 
doses indicated. Enzyme 'Issays were performed iltllllcdi;][cly ro llowing trca[mCnL 
Va lues represent m eans plus o r minus SEM of three rcplic;Jtcs. 
I"" Significan tl y diffe ren t from each o th er wi thin sham o r UVO treatment category . 
p < 0.001. 
wi th a glassy carbon elec trode. T he mobile phase was prepared wi th 20% 
EC-I-IPLC buffer (4.4 g/li ter ci tric acid, 3.45 g/liter anhydrous sodium 
acetate, 2.0 g/li ter sodium hydroxide, and 1 mllliter glacial acetic acid), 
10'X. HPLC grade methanol, and made up to vo lume wi th distill ed water. 
The flow rate fo r an alysis was 1.0 ml/min : 
Glutathione Peroxidase T he selenium-dependent form of glutathione 
peroxidase was measured, using H 20 2 as substrate, by assay methods 
published previo usly (PagLi a and Valentine, 1967). 
R E SULTS 
Cell Viability Is Not Influenced by UVB Dose The percen t-
age o f via b le cells, ba sed o n three counts p e r pla te, using three 
pla tes p er treatm ent level d.id not ch ange sig nifica ntl y for UVB 
doses ran g ing from 4 to 500 mJlcm 2 at e ithe r the 4-h post- UV or 
24-h po st-UV time po in ts (da ta no t shown) . In all cases cell 
via bility w as 97- 100')10. 
Lipid Peroxidation Increa ses with UVB Dose 24 h After 
Irradiation UVB a t d oses of 200 o r 500 mJlcm 2 caused o)"ida-
tive stress m e asurable b y sig nifica nt in creases in lipid pe roxidation 
24 h afte r irradiation , as sh own in Fig 1. The re w as n o significant 
increase in pe rox idatio n 4 h afte r irradiation. 
Nutrients Decrease 80HdG Adducts That Are Formed a s a 
Consequence of UVB Exposure T he numbe r o f SOHdG 
addu c t s increase d ov e r th e range o f UVB d oses tes te d , as shown 
in Fig 2 . Figure 3 d epic ts th e numbe r o f 8 0I-ldG adduct per 
10,000 d eoxyguanines, expre ssed as a percentage o f control s for 
e ac h o f th e nutri en t s. In e ac h case , th e first se t of ba rs represent 
th e numbe r of adduc ts fo rme d in u n tre ate d, sham-irradiated 
pla tes. T he second bar se t sh o ws t h e numbe r of addu cts fo rmed 
in cells ex pose d to 500 mJ/cm 2 UVB afte r be ing grown in 
lln suppl e m e nted m e dium . The n ext two b ar se ts sh o w t he e ffect. 
o f gro win g the cell s in two co n cen t rations of supple m ented 
m edium prior to irradiatio n. A ll nutri ents redu ced the number of 
80I-ldG addu c t s form e d . 
SeleniUJ:n Increases Glutathione Peroxidase Activity jn ir-
radiated and Sham-Irradiated Cells G lutathione peroxidase 
e n zyme activity was m easure d im m ediate ly afte r UV B an d sham 
treatme n ts. Increasing the m edium concentration o f seleni te signif-
icantly increased g lutathione per o xidase activity in a concen tration-
dependent m anne r for both sham and UVB trea tments. Data appear 
in Table I. For similar levels of supple m enta tion, sham-treated 
samples had hig he r le ve ls of e nzym e activi ty. Cell s grown in 
m edium witho ut adde d selenite had extrem e ly low ac ti vity, owing 
to the ve ry lo w le ve ls o f se lenium in unsupple m ente d cul ture 
m e d.ium. 
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DISCUSSION 
This study demonstrated that the DNA oxidative dama ge that 
occurs as a conseque nce of UVB irradiation ca n be attenuated by 
increasing the co nce ntration of an tioxid ant nutrients in the 
culture medium during cell g rowth . Sele ni te, ascorb ate, o r 
Trolox'" reduced the levels of 80HdG in DNA induced by 500 
mJ/cm 2 UVB radiation, but it is not known whether o r no t these 
DNA addu cts wou ld have pe rsi sted for suffic ient time to ca use 
heritable mutations. Because it has also been esta blish ed that 
human cell s conta in enzyme activity which h ydro lyzes 8- oxo-
GTP to 8- oxo-GMP (Sakumi, 1994), the results presented h e re 
warrant further in vestigation into the ti m e CO llrse of re pair of the 
80HdG addu ct. 
From the glutathione peroxidase data, inferences can be drawn 
about the m echanism of protectio n from UVB for cells grown in 
media supplem ented with selenite. Glutathione peroxidase is an 
antioxidant enzym e that requires se lenium, is syn thesized within 
celis, and serves to rem ove organic hydroperoxides and hydrogen 
peroxide before H 2 0 2 ca n form highly reactive hydroxyl radicals 
through the Fenton reaction (Buettner, 1993). It is possibl e that th e 
inunediate pro tective e ffects of selenium are m ediated through 
glutathione peroxidase, altho ugh this ha s no t been shown to be th e 
case in studies of carcinogenesis (Lane and Medina, 1985). 
The lipid peroxidatio n data suggest that oxidative DNA damage 
increases with UVB dose. Furthermore, for cells grown in medium 
not supplem ented with antioxidant nu trients , significant differences 
in peroxidation could be detected o nly at 24 h after irradiation. 
From these data, it can be inferred that UVB may impose a 
continued oxidative stress on the cell. Vitamin E is the most 
significant physio logic m embrane-associated antioxidant, but there 
are liJnitations to testing the ro le of this nutrient in the aqueous 
medium of cell culture. T he results reported here suggest that it 
would be useful to explore in an animal model the "clative efficacy 
of water-solubl e Trolox·'" IJcrS IIS the lipophili c vitamin E in the 
attenuation of lipid peroxidation caused by UVB exposure. 
From the standpoint of carcinogenesis it is signifi cant that the 
highest dose of UVB, w hich do ubled the number of detectable 
add ucts, did not afFect cell viability. With human ke ratinocytes, it 
has been reported that a UVB dose ofl 090 m]lcm 2 (or 3 erythcmal 
units) still has no cffect o n cell viability (Punnonen cf ai , 1991). 
Thus, keratinocytes can sustain a significant amount of oxidative 
damage without being killed. 
Although care was taken to remove all medium fro m the plates 
of cells prio r to U VB exposure , it is still possible tha t some measure 
of the protection attorded by antim";dant nutrients was attributabl e 
to the physical blocking of UVB as o pposed to the chemi cal 
scavengi.ng of free radicals, but we consider this to be unlikely. 
We have dem onstrated that th e formation of 8-0HdG was an 
almost immediate consequence of UVB exposu re but was pre-
vented by antioxidant nu trients. If it can be shown that DNA 
damage frOI11 UVB would normally persist lo ng eno ugh to aUow 
harmful mutations to be passed on to daughter cell s and that 
particular nutrients can reduce DNA damage in the fLrst instance, 
then pertinen t nutri tion al advice can be developed to protect the 
human population . 
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Tile nl/ tll"rs I/Iis ll IV tllnl/k Dr. Robert Floyd for II is gel/ I'mlls gift of 8-0HdG 
,,(alidaI'd tII,d Lilldsny J\t/n idt ill I,is Inborn(O/J' jor (celll/irnl assistnllce nlld ndl/irc. I,Ve 
nlso "'isll (v tllnllk Dr, Bemnrd H1eisslllnil ji,,' p"')/Jidillg Ille MK-2 cells I/sed ill ,ltesc 
e.xpcrilHellts. 
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